Introduction: An Orthodontic SIMulator (OSIM) was used to investigate the propagation of forces and moments around a simulated archform for a gingival displaced canine and lingual displaced lateral incisor using fixed lingual orthodontic appliances. Methods: In-Ovation L self-ligating lingual brackets were bonded to anatomically shaped teeth on the OSIM, and the teeth were positioned such that a G4 NiTi 0.016" large maxillary mushroom archwire could be ligated in passive position. Each trial consisted of two movements: a 3mm lingual displacement of the 1-2 lateral incisor at 0.2 mm increments, and a 1.5 mm gingival displacement of the 2-3 canine at 0.15 mm increments (n = 50). Anterior brackets were repositioned to accommodate G4 NiTi 0.016" universal straight archwires (n = 50). Tests were completed at 37°C, and force and moment data in all directions was collected for each tooth around the arch at all increments. Results: In general, the straight archwire produced significantly larger forces and moments at the centre of resistance for teeth of interest than did mushroom archwires. Specifically, the straight archwire produced 2.62 N and 3.81 N more force in the direction of tooth movement on the tooth being moved for a gingival displaced canine and lingual displaced lateral incisor, respectively, as compared to mushroom archwires. Conclusions: Results from this study suggest that mushroom archwires may provide better mechanics for movement of teeth in the anterior segment when using a round archwire; however, only biomechanical data was considered in this study and there are many factors that need to be considered in treatment planning.
Introduction
The desire for orthodontic patients to receive treatment in an aesthetically pleasing manner has led to a substantial increase in the number of options available in treatment. One such option, the use of lingual systems, has increased in popularity as a result of their aesthetic advantage when compared to labial systems (1) . While placement of the bracket on the inside of the tooth may lead to certain disadvantages such as speech problems, discomfort of the tongue, and/or problems with mastication, the increased aesthetic benefits still lead to patients choosing this as an option for treatment (1) . This is especially noted in the adult population.
While the use of lingual fixed appliance systems offers improved aesthetics, little has been done in the literature to evaluate their mechanical behaviour in orthodontic treatment. Experimental work surrounding torque (2, 3) , friction (4) , and archwire stiffness (5) in lingual systems has been conducted previously. In addition, numerical (6,7) and analytical (8) work has also been presented. While some preliminary findings from this research have been useful, much work remains with respect to understanding how positioning the bracket on the lingual surface of a tooth may alter treatment mechanics.
Two popular archwire designs have emerged in lingual orthodontics, a straight archwire and a mushroom-shaped archwire. While the mushroom archwire follows the general lingual arch shape, the straight archwire requires a thicker base which is either incorporated in the bracket or by adding additional composite. It would be expected that the mechanics of treatment should be altered between these two types of archwires as the thicker base in the anterior region, primarily lateral incisors and canines, will change the location of force and/or moment application with respect to the centre of resistance (CR). Furthermore, the addition of first-order bends in the mushroom archwire may also be expected to change the way in which loads propagate around the arch. While these differences may be expected, and are certainly of interest when studying lingual orthodontic treatment, very little work has been done to evaluate differences between straight and mushroom archwires.
The focus of this in vitro study is to expand the literature surrounding lingual orthodontic treatment mechanics, specifically in regards to straight and mushroom archwire use. A full-arch Orthodontic SIMulator (OSIM) was used to simulate lingual incisor and high canine malocclusions, and record the resulting forces and moments around the arch. Results from this study will be used to not only understand differences between straight and mushroom archwire use in lingual orthodontic treatment, but also gain a better understanding of lingual treatment mechanics on the whole.
Materials and Methods
Force and moment data was collected with the OSIM, fully described in previous research (9, 10) . Horizontal and vertical digital micrometers allow for movement of simulated teeth in occlusal-gingival and buccal-lingual directions. Six-axis Nano17 load cells (ATI Industrial Automation, Apex, NC, USA) measure forces and moments on each tooth in all three directions.
The load cells are located at a distance from the teeth, and thus measurements must be transformed to coincide with the loads applied at a physically meaningful location. A FARO Arm coordinate measurement machine (FARO, Lake Mary, FL, USA) was used to obtain Jacobian transformation matrices between the load cell and the bracket coordinate systems, as in previous work (9) . Approximate locations for the CRs relative to the crown tip of a single root tooth and a first molar were determined by Nyashin et al. (11) and Viecelli et al. (12) , respectively. Values for the buccal-lingual and occlusal-gingival coordinates of the CR relative to a crown tip obtained in these studies were used to approximate transformations in this study, and are reported in Table 1 . The brackets and corresponding CR were assumed to have the same mesial-distal locations on their respective teeth. Coordinates obtained for the single root tooth were used for load transformations on all incisors, canines, and pre-molars. Coordinates obtained for the first molar were used for all molars. All CRs were lingual and gingival relative to a given crown tip.
Mesial-distal forces, Fx, indicate resistance to sliding with a positive sense corresponding to the distal direction for teeth in quadrant 2 and the mesial direction for teeth in quadrant 1. Buccal-lingual forces, Fy, have positive sense corresponding to the buccal direction. Occlusal-gingival forces, Fz, are positive in the occlusal direction. Mesial-distal moments, Mx, indicate third-order root torque with buccal root torque being positive. Buccal-lingual moments, My, indicate second-order tooth tipping with the positive sense corresponding to mesial root tip in quadrant 2 and distal root tip in quadrant 1. Occlusal-gingival moments, Mz, indicate first-order rotational moments about the tooth's long axis with a positive sense corresponding to the buccal surface rotating mesially in quandrant 2, and rotating distally in quadrant 1. The sign conventions for forces and moments around the arch have been summarized in Table 2 .
Due to the irregular geometry of the lingual surface of a tooth, and subsequently the bracket pads, anatomically-shaped teeth were necessary for proper bracket bonding. A 3D computer aided drafting (CAD) model of the upper and lower arches obtained from TurboSquid (TurboSquid, New Orleans, LA, USA) served as the base for teeth. From this CAD model, modifications were made using Solidworks (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA) to alter tooth geometry such that all teeth fell within dimensions presented in Woelfel's Dental Anatomy (13) . The proper third-order angulation of teeth was based on an average of common bracket types. Mesial and distal edges of the teeth were shaved inward toward the tooth centre to avoid contact between teeth during movement in experiments as this would overload load cells; however, sufficient material remained to ensure the entirety of bracket pads would bond to the tooth surface. Finally, the base of the teeth were altered so they could be fastened to OSIM. This was accomplished by altering material apical to the cemento-enamel junction to include a threaded cylinder. Once designed, the teeth were 3D printed using stainless steel.
Initially, an approximate neutral arch position was obtained under the guidance of a clinician and a customized bracket positioning device. This was to ensure that the bracket and tooth positioning would accommodate the testing of mushroom archwires without generating significant forces and moments. In-Ovation L self-ligating lingual brackets (Dentsply GAC, York, PA, USA) were bonded in this position using Transbond XT TM (3M Unitek, Morovia, CA, USA). A metal primer was used on the surface of the teeth to enhance bond strength. The OSIM was then brought to test conditions, and tooth positioning was further adjusted until the forces and moments generated at each tooth were below 0.09N and 0.4Nmm, respectively. This position was used as the initial position for all trials. G4 NiTi 0.016" large maxillary mushroom archwires (G&H Franklin, IN, USA) and G4 NiTi 0.016" universal straight archwires (G&H, Franklin, IN, USA) were used in this study. All mushroom archwires were tested first. When the mushroom wire tests had been completed, the canine and incisor brackets were de-bonded, and a straight archwire was placed in the remaining brackets allowing for their re-positioning. The OSIM was left in the original passive position, and additional adhesive was placed behind the new brackets to accommodate the straight archwire. The new brackets were again bonded as per manufacturer specifications, and new transformation matrices were constructed. Figure 1 shows OSIM in the neutral position with both mushroom and straight archwires.
The testing followed the same procedure for both archwire types. A heating chamber was placed over the OSIM and the interior was heated to a temperature of 37°C in order to simulate oral temperatures. All load cells were biased to zero and a new archwire was ligated in the brackets before every trial. Each trial consisted of two movements: a lingual displacement of the 1-2 lateral incisor and a gingival displacement of the 2-3 canine. The 1-2 was displaced 3mm in the lingual direction from the neutral position at 0.2mm increments, and the 2-3 was displaced 1.5 mm in the gingival direction at 0.15 mm increments. Both maximum displacements were chosen as the largest allowable displacements without overloading load cells based on pilot data. At each increment, 50 measurements were taken and averaged. The order of experiment between the 1-2 lingual and 2-3 gingival displacements were alternated between trials to remove bias (e.g. trial# 1 would have the 1-2 portion completed first followed by the 2-3, then trial# 2 would have the 2-3 portion completed first followed by the 1-2). A sample size of n = 50 was used for each archwire based on collected pilot data.
For statistical analysis, a multivariate analysis of variance (MANOVA) using SPSS was conducted to determine differences between straight and mushroom archwires. For the simulated high canine portion of the experiments, teeth 2-1 through 2-5 were analyzed. Conversely, teeth 2-1 through 1-4 were of interest for the lingual displacement of the 1-2. Pairwise comparisons of forces and moments at each tooth of interest for the different archwires were conducted using Bonferroni correction. As large amounts of data were collected, comparisons were only made at the maximum displacement of each portion of the simulation. A significance level of α = 0.05 was used with the null hypothesis that there would be no difference in the mean forces or mean moments generated between mushroom and straight archwires at each tooth of interest.
Results
All force and moment data reported at the CR for gingival displacement of the 2-3 and lingual displacement of the 1-2 are presented in Figures 2 and Figure 3 , respectively. At maximum gingival displacement of the 2-3, the straight wire produced an average force of 5.49 N as compared to the mushroom wire, which generated an average force of 2.87 N on the 2-3. At maximum displacement of the 1-2 in the lingual direction, the straight wire produced an average force of 8.98 N while the mushroom wire generated an average force of 4.95 N on the 2-2 tooth. Figures 4 and 5 depict the direction of clinically significant forces and moments at the CR for teeth of interest during high canine and lingual lateral incisor experiments at maximum displacement, respectively. Tables 3 and 4 report results from the MANOVA at maximum displacements for the high canine and lingual incisor simulations, respectively. With respect to the high canine experiment, the only difference that was not statistically significant for teeth that were analyzed was Fx on the 2-2. All other differences showed statistical significance with P ≤ 0.001. In the lingual incisor portion of the study, only My on the 2-1 and Mz on the 1-1 did not show significant differences. All other forces and moments were statistically different between straight and mushroom wires at maximum displacement of the 1-2.
Statistically significant differences were found in the vast majority of comparisons in this study; however, it is necessary to distinguish between statistically and clinically significant differences. As in previous work (14) , force magnitudes of less than 0.2 N and moment magnitudes of less than 5 Nmm are considered to be lower than a value that would generate orthodontic tooth movement. Only force and moment values surpassing these clinically significant thresholds will be discussed in detail. In addition, differences between archwire types surpassing these force and moment magnitudes will generally be considered clinically significant, while differences below these values are proposed to have minimal or no impact on clinical outcome based on current evidence.
With respect to the simulated high canine portion, at maximum gingival displacement of the 2-3 the largest difference in force between mushroom and straight archwires was Fz on the 2-3. The straight archwire produced a gingival-directed force of 2.62 N higher than the mushroom archwire. For Fx, or mesial-distal forces, there were no clinically significant differences between mushroom and straight archwires for any of the five teeth considered in this study. Clinically significant differences in buccal-lingual forces, Fy, were found for the 2-1 through to 2-5 at maximum displacement of the 2-3. Differences in occlusal-gingival forces, Fz, of significance occurred on the 2-2, 2-3, and 2-4.
The largest difference in moments occurred for Mx on the 2-3 where the straight archwire produced 15.20 Nmm more lingual root torque than the mushroom archwire. For buccal-lingual root torque moments, Mx, the only other tooth where a clinically significant difference of greater than 5 Nmm was found occurred on the 2-4; though, a difference of 4.25 N found on the 2-2 is also certainly approaching this magnitude. Clinically significant differences in second-order tipping moments, My, occurred only on the 2-4. On the 2-3, a difference in My of 4.67 Nmm was found between archwires which technically does not surpass the 5 Nmm magnitude, but is worthy of mentioning. Finally, no differences in first-order rotational moments around the long axis of a tooth, Mz, were found in this study.
In the simulated lingual displacement of a lateral incisor, at maximum displacement of the 1-2 the largest difference in force calculated between mushroom and straight archwires was 4.20 N on the 1-3 in the buccal-lingual direction, or Fy. Clinically significant differences in mesial-distal forces, Fx, were not found on either central incisor, but were noted on the 1-2, 1-3, and 1-4. Differences in buccal-lingual forces, Fy, were clinically significant for the 2-1 through to the 1-4. Clinically significant differences in occlusal-gingival forces, Fz, were found for the 1-2 through 1-4.
When inspecting moments at the CR during a simulated lingual incisor experiment, the largest difference found was for buccal-lingual root tipping moments, Mx, on the 1-2 at a difference of 35.51 Nmm. A similar difference in Mx was also found on the 1-3 at a magnitude of 34.63 Nmm. Other differences in Mx for teeth of interest in the lingual incisor portion of the experiment were not clinically significant. For mesial-distal root tipping moments, My, clinically significant differences were noted only on the 1-2 and 1-3. This was also the case for moments around the long axis of the tooth, Mz.
Discussion
The general trend comparing the straight and mushroom archwires for both experimental groups is that the former tends to result in larger forces and moments being applied at the CR. Two reasons for such a difference could include the fact that the mushroom shape has an increased inter-bracket distance compared to the straight archwire between the canine and first premolar, and the mushroom shape keeps the bracket-archwire interface closer to the long axis of the teeth. For the same diameter of archwire, the longer section of free archwire will decrease the stiffness of the system. As such, for the same amount of tooth displacement between mushroom and straight archwire trials, the lower measured forces and moments with mushroom archwires could at least be in part explained by a decreased system stiffness. In addition, the distance of the bracket to the long axis of the tooth increases the moment arm from the CR and will thus produce larger measured moments. This is also likely a major contributing factor to the reduced moments measured in mushroom archwires over straight ones. One result of great interest is the negligible moments transmitted to the 2-4 tooth during simulated gingival displacement of the 2-3 when using a mushroom archwire. Generally, one would expect to observe some level of moment transmission to the 2-4 from the 2-3, yet this is not the case here as Mx, My, and Mz all approach negligible values on the 2-4. It is suspected that this is a result of the step-bend in archwire between the canines and first premolars. As the 2-3 is displaced in the gingival direction using a conventional straight arcwhire, the flexure of the archwire generally begins to engage mesial-distal edges of the bracket and transmit forces and moments. Conversely, as a result of the step-bend in a mushroom shaped archwire it is suspected that the archwire now acts as a lever between the canines and premolars and alters the load transmission between the teeth. That is, as the canine is displaced in the gingival direction, the step-bend now causes the archwire to rotate in the third-order direction of the first premolar slot as opposed to bending when using a conventional straight archwire. It is this difference in archwire deformation that is expected to cause the negligible moments measured on the 2-4 during the high canine portion of the experiment. In this instance a round archwire was used, and as such there was no engagement between the bracket slot and archwire during archwire rotation in the thirdorder direction; however, using a rectangular cross-section and a mushroom shaped archwire could have a great effect on how forces and moments are transferred between the canines and premolars.
It is also worth noting that the teeth expected to experience the most differences between the straight and mushroom morphology are the lateral incisors, the first premolars, and canines. The proximity of the tooth to the mushroom bend leads to greater discrepancies in the forces between groups, and the thicker bases on the lateral incisor and canine moves the bracket-archwire interface further from the long axis of the tooth. It is anticipated that fewer differences between straight and mushroom archwires would have been noted if the only displaced tooth were a central incisor or a molar. The thicker bases could also lead to more bracket bond failures since there is a higher profile of the bracket and an increased thickness of the composite.
Though the mushroom archwires tended to result in better force and moment delivery to teeth for a simulated lingual incisor and high canine malocclusion over straight archwires, it is also expected these results may not necessarily be the only determining factor in clinicians' treatment planning as there are a number of clinical factors for consideration as well. For instance, mushroom archwires typically require stocking 3-5 sizes for each dental arch because of the variability of tooth size from patient to patient. Straight archwires typically come in one size for each arch lending to lower inventory. In cases of anterior spacing, a larger mushroom archwire may be needed while consolidating spaces canine to canine, and then a smaller mushroom archwire is needed to complete treatment. With a straight archwire, the same archwire shape can be used throughout treatment in almost any malocclusion. From a clinical standpoint, these results make a strong argument for using a mushroom shaped archwire for cases where there are alignment discrepancies in the lateral incisors, canines or first premolars where only round wires will be used (e.g. as in most cases using stock brackets for anterior alignment). If a custom setup is used where large square or rectangular wires will be used, recovery from the side-effects caused by the straight archwire is possible. There are likely more possibilities of less aesthetic appearances of the teeth during the initial levelling and aligning phase of treatment with straight archwires.
Limitations
Several limitations must be discussed when considering the results and discussion presented in this study. These experiments only observed single tooth displacements, and it is understood that most orthodontic patients have multiple alignment discrepancies not considered here. Only one size of archwire, bracket type (e.g. In-Ovation L), and ligation method was considered here. It is possible that changing any of these variables may have a significant impact on experimental outcomes.
Though the approximate oral temperature was replicated in experiments, other factors such as saliva and periodontal ligament (PDL) compliance were not accounted for. In previous research comparing third-order torque procedures with and without PDL simulated compliance, it was found that compliance only made a difference in measured response at low load levels and resulted in arguably clinically insignificant differences when compared to rigid fixtures (15) . While the tooth movement considered in this study differs from third-order torque, it can reasonably be suggested that the same trend be expected here. That is, small differences in measured forces and moments could be expected at low levels of simulated displacement, but at larger magnitudes of movement the effects of compliance would be negligible. Nonetheless, these results give a good indication of the differences between straight and mushroom archwire shapes for lingual orthodontics, and significantly add to the understanding of lingual treatment mechanics.
Conclusion
-In cases where a statistical difference was found on teeth of interest, straight archwires produced larger forces than mushroom archwires -Where statistically significant differences in moments were calculated, straight archwires produced larger moments in all but one instance -The introduction of a step-bend in the mushroom shaped archwire appears to have a significant influence on transfer of forces and moments from the canine to first premolar 
